Experimental investigations were conducted to evaluate the effectiveness of a retention treatment basin (RTB) with polymer coagulation for the treatment of combined sewer overflows (CSO) at high hydraulic loading rates. The TSS removal efficiency of the pilot-scale RTB at a surface overflow rate (SOR) of 11 m/h was approximately 35% without chemical addition, and 80% with a polymer dosage range of 5 to 10 milligrams per gram of influent TSS. The results demonstrated that the use of polymer coagulation significantly improved TSS removal and allowed the SOR in the RTB to be significantly increased, resulting in smaller treatment units. An empirical relationship was established to estimate removal efficiencies as a function of overflow rate. The results also compared settling characteristics of CSO, obtained from long column tests, to removal efficiencies in the high-rate RTB.
Introduction
Flows in combined sewer systems during wet weather are generally much larger than those under dry weather conditions (Beron et al. 1988 ). Because of limited sewer and treatment plant capacity, the combined sewer systems were designed to overflow occasionally and discharge excess flows directly to nearby receiving waters. In most cases, excess flows are discharged from the collection systems without treatment. Since combined sewer overflow (CSO) is considered to be a major source of water quality impairment for the receiving waters, much attention has recently been directed to reducing the amount of pollutants discharged (Aiguier et al. 1996; Geiger 1998) .
In 1997, the Ontario Ministry of the Environment (MOE) promulgated Procedure F-5-5 (Ministry of the Environment, undated) as a means of documenting its objectives for CSO control. Procedure F-5-5 specifies that during a seven-month period commencing within 15 days of April 1, 90% of wet-weather flow is to be treated to primary treatment equivalency, which is defined as a seasonal average of at least 50% removal of total suspended solids (TSS) and 30% removal of 5-day carbonaceous biochemical oxygen demand (BOD5). Furthermore, for satellite treatment facilities the effluent TSS concentration should not exceed 90 mg/L for more than 50% of the time.
CSO events occur at random and their characteristics depend on the intensity and duration of the rainfall, among other factors. Large volumes of CSO can occur in a relatively short time. Storage tanks may be used to contain the CSO volume for later treatment. Alternatively, conventional (unaided) retention treatment basins (RTBs) may be used to capture some of the CSO and to provide flow-through treatment of the remaining volume. However, in urban areas, sufficient land is generally not available for building storage tanks or conventional RTBs. In some cases, smaller chemically aided RTBs with high surface overflow rates (SOR) may be the preferred approach to CSO control.
RTBs have been widely used to protect receiving waters from CSO pollution (U.S. Environmental Protection Agency 1999; Jacopin et al. 1999) . Treatment in RTB units generally consists of sedimentation because suspended solids (SS) represent a major part of the pollutants in CSOs (U.S. Environmental Protection Agency 1999). The removal of suspended solids often reduces the concentrations of other pollutants found in CSO, because many pollutants have an affinity for SS (Stahre and Urbonas 1990) .
Coagulants can enhance the settling efficiency of a RTB, and allow the SOR in the settling basins to be increased significantly relative to conventional primary clarifiers (Adams et al. 1981; Cork et al. 1999) . Common coagulants include ferric chloride, alum and organic polymers. Polymer coagulation for CSO treat-ment was studied by Environment Canada's Wastewater Technology Centre (WTC) between 1993 (Wastewater Technology Centre 1999 Water Technology International 1999) . The use of cationic polymers as the primary coagulant has been shown to improve the settling characteristics of CSO and to provide good solid/liquid separation (Li et al. 2003; Wastewater Technology Centre 1999; Water Technology International 1999) . It is also reported that a combination of relatively high concentrations of suspended material and poor settleability of the CSO suspensions indicated that Procedure F-5-5 objectives could not be achieved without chemical coagulation.
CSO control measures were evaluated for the riverfront area within the City of Windsor to determine an acceptable approach toward reducing the pollution load in terms of TSS and BOD5 discharged to the Detroit River during CSO events (Stantec Consulting Ltd. 2001) . The use of a RTB combined with chemical coagulation, as a high-rate sedimentation process, was identified as the preferred approach to CSO treatment along the Windsor Riverfront. However, additional information was required to design the full-scale RTB with chemical coagulation.
In this study, experimental investigations were conducted in a pilot-scale plant to evaluate the effectiveness of a RTB with polymer coagulation to remove TSS and BOD at various hydraulic loading rates. A cationic polymer was used as a coagulant to improve the settling characteristics of the suspended solids and to permit an increase in the SOR in the RTB. The effects of various factors on the performance of the high-rate RTB were investigated. A relationship between removal efficiencies and overflow rate was established. In addition, long column test results were compared to pilot plant results for predicting removal efficiencies in the RTB.
Materials and Methods

Sampling
The wet-weather influent at the Lou Romano Water Reclamation Plant (LRWRP) in Windsor, Ontario, was used to represent actual CSO for this study. The characteristics of the influent at the LRWRP during CSO events were shown to be similar to those of samples collected at actual overflow sites along the Windsor Riverfront (Li et al. 2003) . A CSO event was deemed to have occurred when the CSO control gates opened at one or more of the three automated interceptor chambers, which were located along the riverfront within the City of Windsor, causing an overflow into the Detroit River. The occurrences of CSOs were indicated on the interceptor computer screen at the LRWRP. The first flush of CSO flow during the storm event was estimated to take 45 min to travel from the interceptor chambers to the LRWRP. Hence, 45 min after an overflow was detected, sewage was pumped from the grit chamber at the LRWRP and used as feed to the constant head tank of the pilot plant.
Flocculant
A cationic polymer (Zetag 7873 by Ciba) was used in this study. The polymer is a high molecular weight, polyacrylamide based flocculant that exhibits a low degree of cationic charge. The polymer was supplied in liquid form. Dosages were based on the active polymer material (excluding the mass of carrier material) and were calculated relative to the initial TSS concentration in the wastewater. For a sample with initial TSS concentration of 400 mg/L, the volumetric polymer dosage equivalent to 5 mg/g TSS would be approximately 2 mg/L as active polymer.
Pilot Plant
A pilot plant, shown schematically in Fig. 1 , was constructed at the LRWRP and used for this study. The pilot plant was designed using principles applied to conventional rectangular primary clarifiers (e.g., Qasim 1985; Metcalf and Eddy 1991) and experience gained in the earlier study in Toronto (Water Technology International 1999; Wastewater Technology Centre 1999). The principal process units were: a constant-head tank for flow distribution, a polymer dilution system, a mixing system for mixing the sewage with polymer, and a rectangular RTB. The polymer dilution system (PB100-2 by US Filter) was used for diluting the stock polymers with tap water and provided the necessary high intensity mixing for the high concentration polymer solution. A square rapid-mix tank fitted with an impeller-type mixer was used for distributing the polymer into the sewage. Mixing operations are generally characterized by the mean velocity gradient (G) and the hydraulic residence time (T), or by the dimensionless GT product. For a flow of 3.5 L/s and mixing of 600 rpm, the G and GT values in the rapid-mix vessel were calculated to be approximately 200 s -1 and 1800, respectively.
The RTB was in the form of a rectangular clarifier with a length of 4.4 m, a width of 0.65 m and a depth of 1.2 m. It consisted of an inlet zone, a settling zone and an effluent zone. The inlet zone was equipped with an influent channel and two perforated baffle walls to dissipate the kinetic energy of the inlet jets and distribute the flow uniformly over the RTB. The effluent zone contained a set of effluent weirs to collect the treated water, and a baffle to prevent short-circuiting and to retain floating solids. The maximum achievable surface overflow rate (SOR) in the RTB was 33 m/h, imposed by the capacity of the rapid-mix unit (18 L/s). The SOR was calculated relative to the effective sedimentation area of RTB. The effective sedimentation area was 1.95 m 2 , excluding the areas of inlet and outlet zones in the RTB. The total surface area of the RTB was 2.86 m 2 .
Pilot Plant Tests
A series of pilot plant tests shown in Table 1 were conducted for the CSO events that occurred during the period of July 21, 2001 , to April 30, 2003 . The test conditions shown in Table 2 were determined based on the results of jar tests and long column tests reported by Li et al. (2003) .
The following procedure was used for the pilot plant tests:
1. Before the start of a pilot plant test, the weirs in the head tank, mechanical mixer tank and the RTB outlet were adjusted when necessary for the pre-scheduled overflow rate. 2. A required number of 250-mL sampling jars for samples at the inlet (head tank) and outlet (RTB overflow) were prepared. The inlet samples were labeled as "INFLUENT" with the time interval and the overflow samples were labeled as "EFFLUENT" with the time interval of the sample. 3. The influent pump was started. The polymer feeder unit to inject diluted polymer solution into the mixing tank at the pre-determined polymer dosage (mg/L) was started. 4. The overflow rate in the RTB was verified as the RTB was filled. 5. Once the RTB outlet weir started to overflow, the time (time zero) was noted and samples were simultaneously taken at the inlet (head tank) and at the flow over the outlet weir. 6. Samples were taken every 10 min after the time zero sample for 1 to 3 h depending on the length of the CSO event. The settled sludge or floating solids were retained in the RTB until the end of each run. 7. At the end of the CSO event, the filled sample jars were collected and transported to the main laboratory at the LRWRP for analysis of TSS and BOD5. 8. TSS, percentage removal, polymer dosage (mg/g influent TSS) and time were tabulated and analyzed.
Analytical Methods
The analyses of TSS and biochemical oxygen demand (BOD5) were performed according to Standard Methods (American Public Health Association 1998). The thicknesses of floating solids and settled sludge collected in the RTB were investigated by using a sludge judge. The sludge judge consists of a clear plastic tube about 38 mm in diameter with a remotely operated shut-off valve at the bottom. The sludge judge was lowered into the tank with the valve open until it touched the bottom of the basin; then, the valve was closed and a core of the floating solids/settled sludge in the RTB was collected. All statistical analyses of data obtained from pilot plant tests were conducted using a regression analysis method (Scheaffer and McClave 1990) and Microsoft Excel spreadsheets. The confidence levels were set at 95%.
Results and Discussion
The results of the pilot-scale study were examined in terms of various CSO characterization and RTB performance relationships. As indicated in the following paragraphs, data subsets were used in appropriate places, and some analytical work is continuing in conjunction with the numerical modelling part of the study.
Relationship between Influent TSS and BOD5
The relationship between the TSS and BOD5 of the influent during the pilot tests is shown in Fig. 2 . The data were obtained from the pilot plant tests as shown in Table 2 . Influent BOD5 was in the range of 30 to 180 mg/L and influent TSS ranged from 120 to 600 mg/L (Fig. 2) . The influent BOD5 was correlated with the TSS as follows (see Fig. 2 ):
Inf. BOD5 = 0.21 * [Inf. TSS] + 41 (1) with (R 2 ) = 0.51. Use of the correlation equation estimates influent BOD5 based on influent TSS. For example, at 400 mg/L of TSS, the 95% prediction interval for BOD5 is 80 to 160 mg/L. This relationship between the influent TSS and BOD5 values appears to be typical of CSO events (Stahre and Urbonas 1990). The BOD concentration increased disproportionately with increasing TSS concentration. Large increases in TSS are generally associated with the flushing of inorganic material from the land surface and sewers; hence, a decrease in the BOD/TSS ratio with increasing TSS concentration, as observed in this study, would be expected. Figure 3 presents the relationship between polymer dosage and TSS removal efficiency for the RTB. The data were obtained from pilot plant tests No. 6, 8 and 9 as shown in Table 2 . Those tests were performed at SORs of 10 to 12 m/h. The small difference in SOR should have little effect on TSS removal in these tests. The results of pilot test No. 7 at a SOR of 10.6 m/h were not included because the influent TSS was atypical, with a range of 50 to 150 mg/L. TSS removal efficiency was 35% without the addition of polymer (Fig. 3) . Figure 3 indicates that TSS removal efficiency increased with increasing polymer dosage to a threshold of approximately 5 mg/g TSS. The best TSS removal was achieved at polymer dosages in the range of 5 to 10 mg/g TSS. Beyond this range, the TSS removal efficiency began to decrease.
Effects of Polymer Dosage on TSS Removal
The relationship between polymer dosage and TSS removal efficiency has implications concerning opera- tional efficiency and process control options. Solids suspended in wastewaters are usually stabilized by negative electric charges on their surfaces, causing them to repel each other and preventing these charged particles from colliding to form larger, settleable masses. Cationic polymer added to wastewater provides positive electric charges to reduce the negative charge of the solids, and promote the aggregation of the suspended solids into particles large enough to be removed. However, overdosing the polymer can cause a charge reversal and restabilize the colloid complex. An appropriate process control procedure would be to determine the polymer dosage in response to fluctuations in both the influent solids concentration and flow. If the polymer were to be mass proportioned using on-line turbidity measurement, the process control system should be capable of applying a constant polymer dosage on a mass/mass basis, and of setting a ceiling value for the dosage. Figure 4 presents the relationship of effluent TSS to influent TSS for polymer dosages of 5 mg/g TSS or greater. The data were obtained from pilot plant tests No. 6, 7, 8 and 9 as shown in Table 2 . Those tests were performed at SORs of 10 to 12 m/h. The difference in SOR should have little effect on TSS removal in this range. At influent TSS greater than 150 mg/L, TSS removal efficiency appears to be independent of the influent TSS. The TSS removal efficiency was approximately 80% at SOR of 11 m/h (Fig. 4) . The effect of influent TSS concentration on TSS removal efficiency is significant at influent TSS less than approximately 150 mg/L. Figure 4 illustrates poor removal at low influent TSS concentrations. Lower TSS values appear to be generally associated with finer suspended particles, slower settling rates and a greater fraction of non-settleable colloidal material (Stahre and Urbonas 1990). In all coagulation/flocculation opera-tions, the rate of interparticle contacts is reduced at lower concentrations and performance decreases (Weber 1972) . Polymers might not be effective coagulants for samples containing low concentrations of colloidal particles because they do not produce precipitate that increases the particle concentration. For wastewaters containing low solid concentration, the use of ferric chloride or alum as coagulant and polymer as coagulant aid may provide greater removal efficiencies. However, conventional coagulation processes can not operate at the high SOR range attainable with the polymer coagulation process (Wastewater Technology Centre 1999; Water Technology International 1999) and average TSS concentrations in CSOs are greater than those observed in dry-weather sewage.
Effect of influent TSS on removal efficiency.
Removed Solids Distribution in the RTB.
Floating solids and sludge buildup in the RTB were investigated at a SOR of 24 m/h, after 2 h of operation. Table 3 shows the retained solids distribution in the RTB. The total retained solids, obtained by summing the solids in each zone of the RTB, was 4240 g, which is close to the total solids removed as calculated from TSS concentrations in the influent and effluent in the RTB (4410 g). Of the retained solids, 42% were in the floating solids layer on top of the RTB and 58% were settled solids.
The thickness of the floating solids layer in the RTB ranged from 12 cm in the inlet zone to 0.1 cm in the outlet zone (Fig. 5 ). Most of the floating solids were collected in the front of the RTB. The concentration of floating solids in the RTB ranged from 17.8 to 4.5%. The high floating solids concentrations were considered to have resulted from solids compression during 2 h of operation. The depth of settled solids was measured to be in the range of 1 to 5 cm, and total solids concentration in the sludge was approximately 29%.
The distribution of retained solids is important for the design and operation of full-scale RTBs. Further tests need to be conducted to investigate if the distribution of floatable, suspended and settleable solids varies with SOR, and to investigate the potential for hydraulic wash-out of retained solids.
Effect of SOR on Removal Efficiencies.
Data from the pilot plant tests conducted with polymer addition at different SORs were analyzed on a run average basis. The results of pilot test no. 7 were not included because the influent TSS was in the range of 50 to 150 mg/L and it would affect removal efficiency as shown in Fig. 4 . Figure 6 shows the performance of the RTB in terms of TSS removal at different SORs (up to 33 m/h). Initial TSS were in the range of 175 to 580 mg/L, with an average of 322 mg/L. Regression analysis identified the following relationship between SOR and TSS removal:
Efficiency of TSS Removal = -0.22 ln(SOR) + 1.24
(2) with (R 2 ) = 0.81. For example, the 95% prediction interval for the TSS removal efficiency was calculated to be 55 to 85% at an SOR of 12.5 m/h. For an initial TSS concentration of 322 mg/L, 96 mg/L of effluent TSS was achieved at a hydraulic loading rate of 12.5 m/h. Figure 7 shows the relationship between SOR and BOD removal efficiency, indicating that the relationship for BOD removal would be similar to that seen for TSS removal. Initial BOD ranged from 73 to 213 mg/L, with an average of 128 mg/L. While SOR was in the range of 6 to 33 m/h, BOD removal varied in the range of 25 to 95%.
The relationships between SOR and removal efficiencies shown in Fig. 6 and 7 were established by averaging across variations in the polymer dosage, mixing energy and influent TSS. Polymer dosage, mixing energy and influent TSS were not uniformly distributed in the experimental program as would have happened in a factorial design. The effects of those factors may have influenced the shape of the curve somewhat, but they are expected to have been minor, relative to the hydraulic load effect, as shown in Fig. 6 and 7.
Comparison of Long Column Method and Pilot Plant Method
Prediction of TSS removal is of primary importance for the design of RTBs. The solids characteristics and settling velocities of CSO vary by site and the development of a settling velocity distribution is recommended for each site (Field and O'Connor 1997) . A long column is the most common apparatus for evaluating the settling characteristics of solids in wastewaters. Li et al. (2003) used the long column method for investigating the settling characteristics of the same CSO samples that were collected at the LRWRP during CSO events. The results obtained from long column tests were summarized and compared to pilot plant results to evaluate the long column method for predicting removal efficiencies in the RTB. Figure 8 presents the comparison of TSS removal results obtained from long column and pilot plant tests. Both sets of tests were operated with polymer coagulation although the mixing conditions and dosages were not identical. Both trend lines for long column method and pilot plant method are shown with 95% confidence lines. Figure 8 shows the general agreement between the two methods. All data obtained from pilot plant tests were scattered in the area between the 95% confidence lines of the long column method. At an equivalent surface-loading rate of 15 m/h, the 95% prediction interval for percent solids removed was 56 to 85% for the long column method, and 50 to 80% for the pilot plant method, respectively. Any difference in TSS removal efficiency between the long column method and the pilot plant method could have resulted from the differences in operational conditions. The polymer mixing was conducted in a batch tank for the long column tests and in flow-through rapid mix units at pilot scale (mostly using the stirred vessel as described above but some low-flow tests used a static in-line mixer). The long column tests were performed under quiescent conditions, free of short-circuiting and turbulent diffusion, while the pilot plant tests were conducted under turbulent hydrodynamic conditions. Conventional design practice employs a scale-up (or safety) factor to compensate for hydraulic inefficiency in flow-through treatment units (e.g., Weber 1972; Metcalf and Eddy 1991) . Although the pilot RTB was designed to prevent short-circuiting, higher SORs in the RTB may lead to short-circuiting and increased turbulent diffusion in the RTB and, hence, a decrease in performance. This favourable comparison of average data from the long column method and the pilot plant tests led to the conclusion that the long column method could be used for predicting the performance of RTBs.
Conclusions
This study provides useful information on CSO characteristics and treatment efficiencies needed to establish design parameters and criteria for high-rate RTBs. The results obtained from this study demonstrated that the high-rate RTB was an effective option for CSO treatment. The use of polymer coagulation improved TSS removal significantly and permitted the RTB to be operated at significantly higher SORs, resulting in smaller treatment units. In urban areas where space is limited for the construction of a conventional RTB, a high-rate RTB would be a space-saving option for effective CSO treatment.
